• The mechanism for the auto-inhibition of von Willebrand factor (VWF) remains unclear.
Introduction
Plasma protein von Willebrand factor (VWF) plays a critical role in hemostasis and thrombosis [1, 2] . The deficiency or dysfunction of VWF causes von Willebrand disease (VWD), a common hereditary bleeding disorder. In the absence of shear flow, VWF does not bind platelets and is generally in a compact form [3] . Under elevated shear conditions or when immobilized under flow, it becomes extended and exposes its A1 domain, enabling platelet binding [4] [5] [6] . Ligation of VWF under flow with glycoprotein (GP)Iba, the major subunit of the platelet GPIb-IX complex, transmits a signal that eventually leads to platelet aggregation or clearance [6] [7] [8] [9] [10] . In contrast to full-length VWF, the isolated VWF A1 domain binds to GPIba with high affinity in the absence of shear [11] . The difference in binding between VWF and the isolated A1 domain suggests an autoinhibitory mechanism in VWF, but its molecular nature has remained unclear.
Under certain static conditions plasma VWF can bind GPIba with high affinity. Gain-of-function mutations in VWF that enable its binding to GPIba in the circulation are well documented in type 2B VWD patients [12, 13] . Clustered in a region of the A1 domain closer to the 1272-1458 disulfide bond than the GPIba-binding interface, these mutations are thought to stabilize A1 in an 'on' conformation to bind GPIba [14] . Crystal structures of A1 domains bearing type 2B mutations report detectable but small changes, although they are mostly local and do not appear to impact the GPIba-binding interface [15] [16] [17] . The molecular basis of the gain-of-function effects of type 2B mutations remains to be defined. In addition, ristocetin induces binding of human VWF to GPIba [18] . Although residues in or near the A1 domain have been reported to affect its binding to VWF [19] , how ristocetin activates VWF remains unclear.
The A1 domain is delimited by the Cys1272-Cys1458 disulfide bond, outside of which few secondary structural elements are observed in reported structures [11, 16, 17, 20, 21] . Crystal structures of the A1/GPIba complex reveal two discontinuous regions of A1 in contact with GPIba [11, 16] . The larger interface resides in strand b3, helix a3 and loop a3b4. A separate, smaller interface is comprised of residues from loops a1b2, b3a2 and a3b4. Recombinant A1 proteins of various lengths exhibit different affinities for GPIba [11, 15, [22] [23] [24] [25] . Particularly, the linker sequence between the D3 and A1 domains of VWF (residues 1238-1260) can regulate A1 binding to GPIba under shear [25] [26] [27] . Adding the linker sequence as a peptide to the recombinant A1 protein in trans largely mimics its regulatory effect in cis, suggesting that it interacts with the A1 domain [26, 27] .
In this study the hydrogen-deuterium exchange (HDX) profiles of two recombinant A1 fragments with disparate binding affinities for GPIba were characterized and compared. The results suggest that both N-and C-terminal residues flanking the A1 domain constitute cooperatively an autoinhibitory module (AIM) that masks a region in A1 and impedes its binding to GPIba. These results have significant implications for the regulation mechanism of VWF activity and the pathophysiology of type 2B VWD and related bleeding disorders.
Material and methods

Materials
Monoclonal antibody (MAb) 11A8 was obtained after immunizing mice with the recombinant ligand-binding domain of human GPIba (Green Mountain Antibodies, Burlington, VT, USA). Anti-His-tag MAb was purchased from BioLegend (San Diego, CA, USA) and conjugated with fluorescein isothiocyanate (FITC) as described [10] . Plasma-derived human VWF was from Haematologic Technologies (Essex Junction, VT, USA), and ristocetin from Bio/Data Corporation (Horsham, PA, USA).
Recombinant A1 fragments DNA fragments encoding human VWF residues 1238-1472 (longA1) and 1261-1472 (shortA1) were amplified from the cDNA of VWF. Oligonucleotides encoding a signal peptide sequence 'METDTLLLWVLLLWVPGS TGK' and a decahistidine tag were appended to the 5 0 -and 3 0 -ends of both fragments, respectively. The fragments were inserted into the ReNeo plasmid [28] at the Xhol/Notl restriction sites. Each expression vector was transfected into baby hamster kidney-derived (BHK) cells [29] . Stably transfected cells were cultured in DMEM F-12 media supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin and 10 lg mL À1 G418. The media were collected and applied to a 5-mL Ni-Sepharose HisTrap column (GE Healthcare, Pittsburgh, PA, USA). After washing with 20 mM sodium phosphate, 0.5 M NaCl, 20 mM imidazole, pH 7.4, the bound protein was eluted with the same buffer containing 500 mM imidazole. The eluent was concentrated to 5 mL using an Amicon Ultracel-10K centrifugal filter, and further purified by gel filtration chromatography using a HiLoad Superdex 200 column (GE Healthcare) equilibrated in phosphate-buffered saline (PBS). Desired fractions were pooled and concentrated using Ultracel-10K. The concentrations exclusive of carbohydrate of both A1 proteins were determined using an extinction coefficient of 0.629 (mg mL À1 ) À1 cm À1 at 280 nm. The protein was stored at 4°C, with its purity verified by SDS-PAGE.
Flow cytometry
The informed consent and related protocols were approved by Emory University institutional review boards. Citrated whole blood was obtained from healthy volunteers, from which platelet-rich plasma (PRP) was prepared [30] . Platelet counts were measured using a Sysmex XP-300 analyzer (Lincolnshire, IL, USA). To measure platelet binding, PRP was incubated with 60 nM noted protein for 10 min at room temperature. After washing the samples were mixed with 1 lg mL À1 FITC-labeled anti-His-tag MAb, fixed and analyzed on a BD FACS Canto-II instrument (BD Biosciences, San Jose, CA) using FlowJo. The signal was quantitated by the median fluorescence intensity (MFI) for the entire cell population (10 000 cells).
ELISA
Each well in a microtiter plate was coated with 100 ng human GPIb-IX complex [31] in 20 mM TrisÁHCl, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, pH 7.4, at 4°C overnight and blocked by 2% BSA in the same buffer at room temperature for 2 h. The binding of A1 proteins was detected by mouse anti-His-tag MAb and horse radish peroxidase (HRP)-conjugated goat anti-mouse IgG, and that of human VWF by rabbit anti-VWF polyclonal antibody and HRP-conjugated goat anti-rabbit IgG (Pierce, Rockford, IL, USA). After washing with PBS containing 0.1% Tween-20, bound complexes were detected as described [30] . The binding curve was plotted and fitted using Prism software with a nonlinear OneSite-Total binding equation.
Analytical ultracentrifugation
Sedimentation velocity experiments were performed at 20°C in a Beckman Coulter XLI analytical ultracentrifuge using standard procedures [32] . ShortA1 and longA1 were buffer-exchanged into 0. [33] . Published values of the partial specific volumes of the component sugar residues of disialyl core 1 O-glycan were used [34] . The calculated partial specific volumes for shortA1 and longA1 were 0.734 and 0.723 mL g À1 , respectively. ShortA1 and longA1, 0.4 mL each, were loaded at 0.23 mg mL À1 and 0.22 mg mL
À1
, respectively, into 12-mm path length charcoal-filled Epon double sector cells using the matched buffer in the reference sector. Absorbance scans at 280 nm and interference scans were initiated immediately after reaching a target rotor speed of 50 000 rpm and acquired at 3.8-min intervals for a total of 119 scans. The first nine scans were discarded to exclude optical artifacts at the meniscus. Absorbance data were collected in continuous mode using a radial spacing of 0.003 cm. Data were analyzed by SEDFIT [35] , version 15.01c, using the continuous c(s) distribution model and maximum entropy regularization with a confidence interval of 0.68 [36] . Time-invariant noise (interference and absorbance data) and radial-invariant noise (interference data) also were fitted and subtracted from the graphical data, which were constructed using GUSSI, version 1.2.1 [37] . Nonlinear least-squares fitting was carried out using both the simplex and Marquardt-Levenberg algorithms with equivalent results.
Hydrogen-deuterium exchange mass spectrometry (HDX-MS)
HDX-MS experiments of shortA1 and longA1 were performed largely as previously described [38] . Briefly, each protein was prepared in PBS to 0.3 mg mL À1 . Ristocetin was added at 10 mg mL
À1
. Denatured longA1 was prepared by incubating longA1 in PBS, 4 M GdmCl, 0.5 M Tris(2-carboxyethyl)phosphine (TCEP), pH 7.0, at 95°C for 5 min. Each sample was diluted (v/v) seven times with 10 mM phosphate, 99.9% D 2 O, pD 7.0, in an autosampler at 20°C. Denatured longA1 was diluted with the deuterated phosphate buffer also containing 4 M GdmCl. After 10-10 000 s of incubation, the reaction was quenched with an equal volume of precooled quenching buffer (100 mM phosphate, 0.5 M TCEP, 0.8% formic acid, 2% acetonitrile, pH 2.5) at 1°C. Experiment at each timepoint was repeated four to six times. Peptic fragments were sequenced and identified through database searching. Mass assignment for each peptide without deuterium exchange was checked manually; any assignment with a mass deviation > 0.2 Da was removed. The relative fractional deuterium uptake for each residue amide proton at a given time was averaged and calculated following HDsite equations [39] , and the HDX difference between datasets was calculated by comparing the relative fractional uptake for each residue.
Results
ShortA1 and longA1 are monomeric
The boundary of the A1 domain has been variably defined [2, 20, 40] . For clarity, the A1 domain in this paper is defined as a structural domain within the Cys1272-Cys1458 disulfide bond [41] . Residues outside of 1272-1458 are not considered a part of A1. ShortA1 and longA1 refer to two recombinant proteins expressed from BHK cells, containing VWF residues 1261-1472 and 1238-1472, respectively (Fig. 1A,B) . Both shortA1 and longA1 contain the 1272-1458 disulfide bond as they displayed visibly different mobilities in SDS gel electrophoresis under non-reducing and reducing conditions [25, 42] . Compared with shortA1, longA1 contains additional Nterminal 23 residues and 3 O-glycans therein [33, 43] (Fig. 1A) . When stored at 4°C for up to a week, both proteins were primarily monomeric as judged by sedimentation velocity analytical ultracentrifugation and gel filtration chromatography ( Fig. 1C-E) . The estimated molecular weights of shortA1 and longA1 based on amino acid sequence and assuming 2 and 5 disialyl core 1 O-glycans are 27.44 and 32.64 kDa, respectively. Molecular weight estimates of shortA1 by sedimentation velocity analytical ultracentrifugation using interference and interference optics were 27.9 and 24.0 kDa, respectively, and for longA1 were 32.7 and 31.5 kDa, respectively ( Fig. 1D ,E, Table S1 ). These results are in good agreement with the expected values for monomeric shortA1 and longA1. Frictional ratio estimates, a measure of asymmetry, were greater for longA1 compared with shortA1, consistent with additional O-glycans in the former. It is noteworthy that the shortA1 peak in the gel filtration chromatogram was considerably wider than the longA1 peak, suggesting that shortA1 may be more dynamic or interact more with the column matrix than longA1. Consistently, during purification shortA1 exhibited a higher propensity for aggregation and protein loss (data not shown). Thus, the characterization of shortA1 described below was performed within 72 h of its purification.
Differential binding of shortA1 and longA1 to GPIba
ShortA1 bound to the immobilized human GPIb-IX complex with an EC 50 of about 25 nM, whereas neither longA1 nor human VWF showed significant binding at concentrations up to 250 nM (Fig. 1F) . The difference in binding affinities of shortA1 and longA1 is consistent with previous reports [11, 25] . Consistent with ELISA results, significant binding of shortA1, but not longA1, to human platelets was observed (Fig. 1G) . The binding was inhibited by MAb 11A8 that recognizes the ligand-binding domain of GPIba, but not by mouse IgG or MAb WM23 that recognizes the macroglycopeptide region of GPIba [44] (Fig. 1H) . Overall, these results confirmed that shortA1 binds GPIba with a much higher affinity than longA1. GPIbα   1261  1281  1301  1321  1341  1361  1381  1401  1421  1441  1461 1472   1261  1281  1301  1321  1341  1361  1381  1401  1421  1441  1461 The HDX-protected region in longA1 overlaps with the GPIba-binding interface and is clustered with type 2B VWD mutations
One hundred and fifty and 204 peptic fragments were sequenced and mapped for HDX analysis of shortA1 and longA1, respectively (Fig. S1) . No peptides covering residues of 1251-1257 in longA1 were identified, probably because vicinal residues 1255 and 1256 are both O-glycosylated [33] . The extents of deuterium uptake for the identified peptides over time periods ranging from 10 to 10 000 s were measured, from which the relative deuterium uptake for each residue was calculated ( Fig. 2A) .
As N-and C-terminal flanking residues are not included or resolved in crystal structures of the A1 domain [16, 20] , HDX of the residues outside of 1269-1466 are shown as heat maps overlaid onto the primary sequence but not the A1 structure ( Fig. 2A,D) . In shortA1, residues in strands b1 and b2 reported the slower exchange rates than those in peripheral helices ( Fig. 2A) . This is consistent with the expectation that the central hydrophobic core of a folded domain exchanges at the slowest rate, often via global unfolding [45] . However, in longA1, in addition to residues in b1 and b2, those in helix a1 and the loop a1b2, which are on the periphery of the A1 domain, also reported slow exchange rates ( Fig. 2A) . Moreover, several residues in longA1 exchanged at a slower pace than their counterparts in shortA1 (Fig. 2B,C) . Importantly, many of these HDXprotected residues in longA1 map to a region in A1 around the disulfide bond, helix a1, loops a1b2 and b3a2, indicating that this region is somewhat shielded from the solvent in longA1, but not in shortA1 (Fig. 2D, S2 ). This HDX-protected region overlaps with the GPIba-binding interface, particularly at loops a1b2 and b3a2, which potentially explains the lower binding affinity of longA1 for GPIba compared with shortA1. It is also remarkable that this HDX-protected region is clustered with type 2B VWD mutations (Fig. 2E, Table S2 , Video S1). Only three residues with reported type 2B mutations, Cys1272, Val1316 and Arg1341, fall outside the HDX-protected sequences. Close inspection of the structure reveals that side chains of Val1316 and Arg1341 are located in the protected region, interacting with helix a1. Cys1272, already located in the protected region, exchanges slowly in shortA1 (Fig. 2A) . Overall, comparison of HDX rates of shortA1 and longA1 reveals a shielded region in longA1 that overlaps with the GPIba-binding interface and is clustered with type 2B VWD mutations.
Autoinhibitory modules cooperatively shield the HDXprotected region in longA1
Because longA1 contains residues 1238-1260 and shortA1 does not (Fig. 1A) , this sequence is an obvious candidate for the region that binds to the HDX-protected region in longA1. Indeed, it was reported recently that residues 1238-1260 bind to the A1 domain and modulate its interaction with GPIba [26, 27, 46] . Consistently, many residues in 1238-1260 of longA1 reported relatively slow HDX ( Fig. 2A, S2) . However, residues 1261-1268 and 1460-1472 in longA1, which flank the A1 domain (1272-1458) from both sides, also reported slow HDX (Fig. 2A) . In contrast, their counterparts in shortA1 reported faster HDX (Fig. 2B) .
To gauge directly the intrinsic exchange rates of residues 1261-1268 and 1460-1472, longA1 was denatured in 4 M GdmCl at 95°C for 5 min and cooled to room temperature before being mixed with D 2 O (Fig. S3) . LongA1 expressed from bacteria is largely denatured in 4 M urea [27] . Although it is unclear how O-glycans affect the stability of longA1, HDX was significantly increased for all residues of denatured longA1 in 4 M GdmCl compared with longA1 under non-denaturing conditions (Fig. 3A) . Particularly, N-and C-terminal residues flanking the A1 domain reported significantly increased HDX compared with their counterparts in folded longA1 (Fig. 2,3) , thereby excluding the possibility that the slow exchange of these residues in folded longA1 is a result of their intrinsic exchange rates.
Overall, these results indicate that the presence of residues 1238-1260 in longA1 decreased HDX of residues 1261-1268 and 1460-1472. Although residues 1238-1268 and 1460-1472 are separated in the primary sequence, they are spatially close to each other because of the 1272-1458 disulfide bond. Thus, our results suggest that residues 1238-1268 interact directly with 1460-1472 in longA1, and together they form a structural module that interacts with the A1 domain at the region clustered by the type 2B VWD mutations, thereby providing HDX protection for all the residues involved (Fig. 3C ). This module is named the autoinhibitory module (AIM). The AIM consists of two discontinuous segments: N-terminal residues 1238-1271 and C-terminal residues 1459--1472, which flank the A1 domain, designated here NAIM and CAIM, respectively.
Ristocetin binding desorbs the AIM from the A1 domain
Ristocetin can induce binding of VWF to GPIba in the absence of shear. Polymorphic variations in NAIM and CAIM, or peptides derived from either sequence, can inhibit or reduce ristocetin-induced activation of VWF [47] [48] [49] [50] . To investigate how ristocetin induces VWF binding to GPIba, the effect of ristocetin on the binding activity and dynamics of longA1 was characterized. Figure 4 (A) shows that addition of 1.5 mg mL À1 ristocetin to longA1 significantly increased its binding to the immobilized GPIb-IX (Fig. 4A) , suggesting structural elements in longA1 are sufficient to recapitulate the activation of full-length VWF by ristocetin. To test whether the conformation of longA1with ristocetin would mimic that of shortA1, HDX of ristocetin-bound longA1 was analyzed (Fig. S3) . In addition to residues 1252-1258 that were not identified because of glycosylation as described above, no peptides containing residues 1467-1472 were detected and assigned for unknown reasons (Fig. 4B) . However, the adjacent residues (1458-1466) reported little HDX (Fig. 4B) , suggesting that ristocetin binds to residues 1458-1472 (i.e. CAIM). Differences in HDX were calculated for longA1 vs. ristocetin-bound longA1 (longA1 vs. longA1 + risto) as well as for ristocetin-bound longA1 vs. shortA1 (longA1 + risto vs. shortA1), and mapped to the A1 structure (Fig. 4C,D) . Comparison of the HDX differences indicates that the A1 domain in the ristocetin-bound longA1 mimics that in shortA1 more than longA1. In other words, binding of ristocetin induces exposure of the HDX-protected region in longA1, thus enabling it to bind GPIba. Moreover, most residues in the NAIM of ristocetin-bound longA1 reported much higher HDX than those in longA1, indicating that these residues were also de-protected by ristocetin binding. Thus, it suggests that ristocetin binding to CAIM disrupts the integrity of the AIM and disrupts its interaction with the A1 domain.
Discussion
In the absence of shear, VWF is autoinhibited from binding to GPIba. However, the location and structure of the autoinhibitory element in VWF has remained unclear, as has the mechanism by which the shear force overcomes the autoinhibition. Previous studies of A1-containing fragments of VWF suggest that the A1 domain is sufficient to bind GPIba with high affinity and that at least one AIM is located close to A1 [11, 15, 17, 23, 24] . In particular, residues 1238-1260 have been suggested to bind A1 and modulate its binding to GPIba, partly because longA1 reported a GPIba-binding affinity of 4.5 lM and shortA1 reported an affinity of 30 nM [11, 25, 27] . The difference in binding affinity between longA1 and shortA1 was reproduced in the present study (Fig. 1) . More importantly, the difference in HDX between longA1 and shortA1 (Figs 2, 3 and 4) provides new critical evidence for the identity of an AIM in VWF and its mode of action. First, compared with residues in shortA1, residues 1238-1260 in longA1 that are absent in shortA1 reduce HDX of residues 1261-1268 and 1460-1472 in longA1 ( Fig. 2 and 3 ), suggesting that a crosstalk between NAIM and CAIM enables them to form an integrated and structured AIM that provides HDX protection. The crosstalk is consistent with the increase of HDX of NAIM residues induced by binding of ristocetin to CAIM (Fig. 4) , and with the report that peptides of residues 1237-1251 and 1457-1471 inhibit VWF binding to GPIba much more effectively than either peptide alone [50] . Second, several longA1 residues in the A1 domain showed significantly less HDX than their counterparts in shortA1 (Fig. 2, S1 ). Because longA1 and shortA1 share similar structure and thermodynamic stability [27] , the reduced HDX supports a model in which the AIM interacts with the HDX-protected region in A1. Third, the HDX-protected region overlaps with the GPIba-binding interface (Fig. 2D) . Thus the AIM association with A1 may produce a steric hindrance impeding its binding to GPIba (Fig. 5) . Fourth, ristocetin induces longA1 binding to GPIba and de-protects HDX-protected regions in longA1 (Fig. 4) . This suggests that the AIM interaction with A1 may be modulated, which has significant implications for the pathogenesis of type 2B VWD.
Mutant VWF from patients with type 2B VWD exhibits heightened spontaneous binding to GPIba, thereby activating platelets and leading to platelet clearance and thrombocytopenia [10, 12] . Thus type 2B mutations are considered as gain-of-function mutations [14] . However, the extent of thrombocytopenia and bleeding diathesis is diverse in patients with type 2B VWD. It is therefore puzzling that different type 2B mutations share a common feature of inducing VWF binding to GPIba but concurrently differ greatly from one another in their effects on platelets. To date no adequate explanation has been provided. An important finding in the present study is that the HDX-protected region of the A1 domain in longA1 is clustered with most type 2B VWD mutations (Fig. 2E) . Some type 2B mutations are also located in NAIM and CAIM (Fig. 2B) heat maps of longA1 mixed with ristocetin (longA1 + risto) for the noted exchange time, following the same format as Fig. 3(A) . Residues 1252-1258 and 1467-1472 were not detected and are left blank. (C) The plots of difference in the relative fractional uptake between the same residues of longA1 and longA1 + risto, and between longA1 + risto and shortA1, following the same format as Figure 3 mutation induces VWF binding to GPIba by disrupting or destabilizing the inhibitory association of AIM with A1 without significantly affecting the A1 structure (Fig. 5) . A mutation in the HDX-protected region of A1 (e.g. I1309V [15] , V1316M [51] ) or in the AIM (e.g. P1266L [52] , A1461D [53] ), or different mutations of the same residue (e.g. R1306W/A/P [13, 51, 54] ), could accomplish the same loss-of-inhibitory-function effect. Separately, the interaction of A1 with GPIba may not require the presence of AIM. Moreover, VWF binding-induced platelet signaling depends more on the force resistance of the A1/GPIba interaction than the binding affinity [10] . It is conceivable that type 2B mutations may differ from one another in modulating the mechanomolecular parameters of the A1/GPIba interaction [55, 56] . Thus a combination of shared loss of the autoinhibitory function and individual effects on force-regulated GPIba binding may be needed to fully explain the common and disparate symptoms of type 2B VWD. Ristocetin may also induce VWF binding to GPIba by disrupting the AIM/A1 association (Fig. 4) . Comparison of HDX profiles of longA1 in the presence and absence of ristocetin suggests that ristocetin binds directly to CAIM but not NAIM. Binding of ristocetin to CAIM could somehow disrupt the crosstalk between CAIM and NAIM, resulting in the increased HDX of NAIM residues and the disintegration of AIM. This is consistent with a previous report that MAb 6G1 binds to VWF residues 1463-1471 and blocks ristocetin activation of VWF, but its binding alone can activate VWF like ristocetin [57] . It is also consistent with reports that sequence polymorphisms in CAIM could affect ristocetin activation of VWF but not VWF binding to GPIba [48, 49] . Although ristocetin binding to NAIM, specifically residues Glu1239-Gly1242, was suggested [58] , no corroborating HDX evidence was obtained in this study. Consistent with this, murine VWF, which does not bind ristocetin, also contains Glu1239-Gly1242.
Although the study reported here did not involve shear stress, the results suggest a mechanism of shear-induced activation of VWF. It does not escape our attention that the AIM consists of two discontinuous sequences. Thus, it is conceivable that when VWF is under shear stress [41] , NAIM and CAIM could be physically pulled apart and dissociated from the A1 domain, thus enabling A1 binding to GPIba. That the mechanism of AIM dissociation from A1 may be shared by ristocetin-and shear-induced activation of VWF is consistent with the observation that ristocetin-induced binding of VWF to platelets is better than botrocetin-induced binding at mimicking the VWF activity under shear flow [59] . In contrast to ristocetin, botrocetin binds to helices a4 and a5 of A1, distal from the HDX-protected region or the AIM, and induces A1 binding to GPIba by a different mechanism [60] . Whether the AIM is a mechanosensory module, how much force is required to open AIM, and the structure of the AIM, are the subjects of future investigation. Elucidating the structural, energetic and mechanical underpinning of the AIM/A1 association in the future will undoubtedly elevate our understanding of VWF regulation and activity. 
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